Adolescence is a period of learning, exploration, and continuous adaptation to fluctuating environments. Response variability during adolescence is an important, understudied, and developmentally appropriate behavior. The purpose of this study was to identify the association between performance on a dynamic risky decision making task and white matter microstructure in a sample of 48 adolescents (14-16 years). Individuals with the greatest response variability on the task obtained the widest range of experience with potential outcomes to risky choice. When compared with their more behaviorally consistent peers, adolescents with greater response variability rated real-world examples of risk taking behaviors as less risky via self-report. Tract-Based Spatial Statistics (TBSS) were used to examine fractional anisotropy (FA) and mean diffusivity (MD). Greater FA in long-range, late-maturing tracts was associated with higher response variability. Greater FA and lower MD were associated with lower riskiness ratings of real-world risky behaviors. Results suggest that response variability and lower perceived risk attitudes of real-world risk are supported by neural maturation in adolescents.
Adolescence is a time of instability and change. Fluctuations in social environments are paralleled by dynamic restructuring of neural architecture. During adolescence, long-range connections between spatially segregated regions of the brain strengthen, both structurally and functionally (Hagmann et al., 2010) . Paradoxically, as the brain becomes more integrated and control over behavior increases , there is a concomitant increase in risk taking during this period. Previous research has generally demonstrated an increase in risky decision making in adolescents, compared with children or adults (Steinberg, 2007) , focusing largely on mean differences in behavior or neural response in developmental groups. Mean-level differences provide useful predictive information when variability is small among the individuals that comprise each group. However, small variability is not characteristic of adolescent behavior. Recent work has begun highlighting the importance of individual differences during adolescence, revealing that adolescents have the highest degree of variation during risky choice (Van Duijvenvoorde et al., 2015) . This suggests that behavioral variability between adolescents may be systematic, rather than the result of random error. When variability does not occur by random error, calculating mean performance from a single measurement can lead to flawed estimates of average group differences and erroneous conclusions (Zilles and Amunts, 2013) . Given that adolescents have the highest degree of variability 'between' individuals, the purpose of the present study was to conduct a fine-grained investigation of the variability 'within' adolescents during decisions made under risk.
Within-person variability reflects a transient change in behavioral performance for a single individual. In the present study, adolescents performed a dynamic risky decision-making task from which a measure of response variability was calculated. According to a dynamic systems approach, the degree of variability within individuals can change according to the developmental stage of the individual (Smith and Thelen, 2003) . When learning a new skill or behavior, the degrees of freedom for performing that behavior are initially constrained. The classic developmental example of the non-linear trajectory of response variability is an infant acquiring mobility for walking (Piek, 2002) . Initially, motor response is not variable because the joints connecting the hip, leg, and ankle are tightly connected, restricting range of movement. These physical constraints reduce complexity, allowing attention to be focused on particular aspects of the task. As development progresses, these tight couplings are physically loosened, resulting in an increase in variability and an ability to explore more complex patterns. Eventually, preferred patterns emerge, and variability is again reduced as this preferred solution is refined through practice.
A greater understanding of individual differences in adolescent behavior can be achieved through an examination of the structural connectivity in regions that support risky decision making (Crone et al., 2016) . Structural connectivity is commonly examined through diffusion tensor imaging (DTI), which measures water diffusion displacement and directionality (Basser, 1995) . A number of outcome variables are obtained to characterize this diffusion, including fractional anisotropy (FA) and mean diffusivity (MD). FA is an index of the degree of restricted water diffusion and MD a measure of overall water diffusion. Higher FA values and lower MD values are hypothesized to reflect qualities in white matter microstructure such as increased axonal caliber, myelination and fiber organization (Beaulieu, 2002) . The maturation of white matter appears to improve efficiency of communication between brain regions, facilitating higher-order cognitive functioning and complex behaviors (Barnea-Goraly et al., 2005; Bava et al., 2010) .
In this study, white matter microstructure was evaluated using DTI in adolescent participants. Additionally, participants performed the Balloon Analogue Risk Task (BART), a laboratory paradigm designed to assess decision-making under risk and shown to elicit individual differences in response variability (Jentsch et al., 2010; Congdon et al., 2013; DeMartini et al., 2014) . Tract-Based Spatial Statistics (TBSS) were used to investigate the association between task performance and white matter microstructure. Self-report questionnaires also assessed adolescents' decision-making processes in a variety of behavioral domains relevant to real-world risky choices.
Materials and methods

Participants
DTI was collected on 48 adolescents [14-16 years (M age ¼ 14.79; 27 females)]. Subjects were right-handed, free of metal, reported no current medication except birth control and reported no diagnosis of learning or mood disorders. Parents provided written consent and adolescent participants completed written assent in accordance with UCLA's Institutional Review Board and were compensated for their participation.
Laboratory decision-making task
Balloon Analog Risk Task. Participants completed the BART (Lejuez et al., 2002) to examine decision making under risk (Figure 1 ). On each trial of the task, participants were presented with a red balloon. Participants were instructed to press one of two buttons to either pump the balloon or to cash-out. With each pump, there was the possibility that the balloon would either grow larger or explode. The larger the balloon was inflated, the greater the monetary reward but the higher the probability of explosion. Each trial began with the presentation of a balloon and ended when the balloon either exploded or the participant chose to cash out. For each pump on which the balloon did not explode, the participant received a payment (25 cents) and could stop pumping the balloon at any point to keep the accumulated payoff. If the balloon exploded before cashing out, the participant received no payoff for that trial. The number of pumps before explosion was varied probabilistically according to a Poisson distribution with a range of 1-12. As pumping progressed during a trial, explosion probability increased exponentially. The task was self-paced, such that participants could make decisions to pump or cash out at their own pace. The task was adapted for use with fMRI and was performed during a 9 minute run. Findings from the fMRI data are reported elsewhere (Telzer et al., 2013) . Participants received total earnings at the end of the task.
Response variability was measured by calculating the coefficient of variation (CV), which has previously been used as a measure of response variability on the BART (Congdon et al., 2013; DeMartini et al., 2014) . Values were calculated for cash-out and explosion trials in the following manner:
CV cashÀout ¼ SD total pumps across cash À out trials ½ Mean total pumps across cash À out trials ½ CV exp losion ¼ SD total pumps across explosion trials ½ Mean total pumps across explosion trials ½ Since many of the statistics in this article rely on mean and SD, the distribution of the data, as based on Shapiro-Wilk tests of normality, is presented in Supplementary Materials.
Questionnaire measures
Domain-Specific Risk-Taking Scale. The Domain-Specific RiskTaking Scale (DOSPERT; Weber et al., 2002) , a 30-item self-report measure adapted for use with adolescents (Figner and Weber, 2011) , was used to evaluate decision-making processes in Fig. 1 . Schematic of the BART.
real-world domains. Participants were instructed to rate the likelihood that they would engage in risky activities using a 7-point Likert scale (1 ¼ 'extremely unlikely' to 7 ¼ 'extremely likely') in addition to indicating perceived risk attitudes (1 ¼ 'not at all risky' to 7 ¼ 'extremely risky') and expected benefits (1 ¼ 'no benefits at all' to 7 ¼ 'great benefits') of each activity. Risky activities were categorized by five situational domains: financial (e.g. 'betting all your pocket money on the outcome of a sporting event'), health/safety (e.g. 'drinking at a party'), recreational (e.g. 'skateboarding down a steep hill'), ethical (e.g. 'cheating on an exam') and social (e.g. 'speaking out against a popular opinion at school'). Cronbach's alphas for these domains were 0.87, 0.91, 0.80, 0.87 and 0.78, respectively.
Image acquisition
Imaging data were collected using a 3 Tesla Siemens Trio MRI scanner. Diffusion weighted images were acquired using an echo-planar imaging sequence (64 directions, TR/TE ¼ 7200/ 93 ms, 50 slices; slice thickness ¼ 2 mm, FOV ¼ 190 mm, voxel size ¼ 2 Â 2 Â 2 mm). This sequence also provides a T2-weighted volume (B0).
Image processing and statistical analyses
DTI processing and voxelwise statistical analysis were performed with FSL v4.1.6 (www.fmrib.ox.ac.uk/fsl). Datasets were corrected for head motion, eddy current distortion, and signal loss using the FMRIB Diffusion Toolbox. Two participants displayed > 3 mm of translational motion and were excluded from analyses for a final sample size of 46 [14-16 years (M age ¼ 14.80; 25 females)]. Degree of diffusion was assessed with FA and MD.
Voxelwise statistical analysis of the FA and MD data was carried out using TBSS (Smith et al., 2006) , part of FSL (Smith et al., 2004) . TBSS projects all subjects' FA data onto a mean FA tract skeleton, before applying voxelwise cross-subject statistics. To minimize partial-volume effects and areas of high inter-subject variability, values were thresholded at FA > 0.2. Data from each point on the skeleton formed the basis of voxelwise statistical comparisons. DTI-based voxelwise statistics were carried out using FSL Randomise with 5000 permutations and a standard GLM design. Randomise (FMRIB's Software Library, www.fmrib. ox.ac.uk/fsl/) uses a permutation based statistical inference that does not rely on a Gaussian distribution (Nichols and Holmes, 2002) . A single-group average with covariate design was applied to assess voxelwise differences among individuals based on behavioral variables of interest (e.g. response variability), which were demeaned and individually entered as regressors in the GLM model. A statistical threshold P < 0.05, corrected for multiple comparisons with familywise error correction (FWE) and Threshold-Free Cluster Enhancement (TFCE), was used for analyses. TFCE helps identify cluster-like structures in images without definition of an initial cluster-forming threshold or carrying out a large amount of data smoothing (Smith and Nichols, 2009) . The same procedure is carried out for MD data. Identification of the significant white-matter tracts revealed by TBSS was based on the Johns Hopkins University-ICBM-DTI-81 white-matter labels atlas and the white-matter tractography atlas (Wakana et al., 2004) . Results were thickened using tbss_fill for visualization.
Results
Behavioral results
Measures of interest for task performance were: mean pumps on cash-out trials, mean pumps on explosion trials, response variability on cash-out trials, response variability on explosion trials, task earnings, and number of explosions. Descriptive statistics and associations between earnings and each BART variable are listed in Table 1 . Explosion trials represented 34% of total trials (SD ¼ 0.1). Participants pumped significantly more during cash-out compared with explosion trials [t(45) 3.06, P < 0.01] and had greater response variability on explosion trials compared with cash-out trials [t(45) ¼ À5.52; P < 0.001]. Due to the self-paced nature of the task, participants were presented with different total numbers of balloons (M ¼ 28.67, SD ¼ 3.69). As such, total task earnings for each participant were divided by number of balloons presented to standardize task earnings.
There was no significant association between response variability and age for cash-out or explosion trials. An independent samples t-test revealed no gender differences in response variability for cash-out trials, but a significant difference for explosion trials t(44) ¼ 3.14, P < 0.01, with males exhibiting significantly higher response variability (M ¼ 0.66, SD ¼ 0.18) than females (M ¼ 0.49, SD ¼ 0.16). Results are reported for equal variances assumed, as Levene's test for the homogeneity of variance was not violated F(1,44) ¼ 0.30, P ¼ 0.59.
Descriptive statistics and normality of DOSPERT measures are reported in Table 2 . Associations between DOSPERT measures and task performance were examined and Bonferroni corrected for multiple comparisons, reported in Table 3 . A significant negative association between response variability on explosion trials and perceived risk attitudes for risky behaviors in the social domain was found (r ¼ À0.53, P < 0.001). In other words, adolescents with greater response variability rated realworld examples of socially risky behaviors (e.g. 'speaking out against a popular opinion at school') as less risky. All results remained after controlling for age and gender. No other significant associations between task performance and self-report were observed.
Main effects of gender and age on DTI indices
WM microstructure was assessed using FA and MD. Main effects of gender were examined, revealing significantly higher FA values for males compared with females. Tracts of significance included the anterior thalamic radiation, anterior and poster limb of the internal capsule, external capsule, inferior frontooccipital fasciculus, splenium of the corpus callosum, posterior thalamic radiation, inferior longitudinal fasciculus, superior and anterior corona radiata and the corticospinal tract (Table 4) . There were no tracts in which females exhibited higher FA than males. There were no significant correlations with FA and age. No significant correlations were found between MD and gender or age.
Correlations between DTI indices and behavioral measures
Analyses between FA values and task performance revealed an association with respect to response variability on explosion trials. Results identified a significant positive correlation (P < 0.05, corrected for FWE) in the superior, posterior, and anterior corona radiata, anterior thalamic radiation, superior longitudinal fasciculus, body and splenium of the corpus callosum and posterior limb of the internal capsule (Table 5 ; Figure 2A and B). Analyses remained significant after controlling for gender and age. There were no significant negative correlations between FA and response variability on explosion trials. As there were no significant findings for response variability during cash-out trials, discussion of results will refer to 'response variability' with respect to explosion trials. Additional analyses examined the correlation between FA and response variability within males and females separately, but no significant associations were found. There were no significant correlations between FA and other measures of task performance. No significant associations were found with MD and task performance. With respect to self-reported decision making in behavioral domains relevant to adolescents' real-world choices (i.e. the DOSPERT), there was a significant negative association between FA and perceived risk attitudes for risk taking in the social Note: x, y and z refer to MNI coordinates; Voxels refers to the number of voxels in each significant cluster; L and R refer to left and right hemispheres.
domain in the posterior and superior corona radiata, superior longitudinal fasciculus, posterior thalamic radiation, and body of the corpus callosum (Table 6 ; Figure 3A and B). There was also a significant positive association between this DOSPERT measure and MD in the posterior and anterior thalamic radiations, posterior, superior, and anterior corona radiata, body and splenium of the corpus callosum, posterior and anterior limb of the internal capsule, superior longitudinal fasciculus, inferior front-occipital fasciculus, and uncinate fasciculus (Table  6 ; Figure 3C and D). There was also a significant negative association between FA and perceived risk attitudes for risk taking in the health domain; however, since this DOSPERT measure did not meet assumptions of normality, results are not reported here. There were no other significant associations between selfreport and FA or MD. All analyses were corrected for age and gender.
Discussion
This study examined the association between adolescent response variability and white matter microstructure. Adolescents with greater FA exhibited more response variability on a risk taking task and had lower perceptions of real-world risk than those with less FA. We speculate that response variability during adolescence reflects the natural tendency to approach and explore the environment despite the potential for negative consequences, during a developmental period when individuals are primed to distance themselves from the safety of caregivers (Ellis et al., 2012; Spear, 2000) . In this study, this behavior was associated with lower salience of social risks, a domain that is perhaps most relevant to adolescent development. Response variability during the task was associated with greater FA in tracts connecting cortical and subcortical structures hypothesized to underpin decision making under risk and uncertainty (Bartra et al., 2014) . For example, the corona radiata is an important tract connecting the anterior cingulate cortex (ACC) to regions such as the striatum (Mori et al., 2009 ). The ACC is part of an attentional network implicated in monitoring salient environmental cues (Tang et al., 2010) . The corona radiata Note: x, y and z refer to MNI coordinates; P-values controlled for multiple comparisons with family-wise error correction (i.e. 'FWE-corrected'); Voxels refers to the number of voxels in each significant cluster; L and R refer to left and right hemispheres.
continues ventrally and becomes the internal capsule, a subcortical structure that physically separates regions important for motivation (Haber, 2003) and contains a high concentration of motor projection fibers (Werring et al., 1998) . Response variability under conditions of risk may involve the integration of pathways that mediate attention, motivation, and motor control. It makes adaptive sense for higher response variability to be associated with greater FA within these tracts in adolescents, given that adolescent risky decision making varies depending on context (Chein et al., 2011) , motivation (Geier et al., 2010 (Geier et al., , 2009 ) and the probability of a positive outcome (BarkleyLevenson and Galv an, 2014). White matter structure continues to shape and strengthen well into adolescence (Hagmann et al., 2010) , which may grant an adaptive flexibility optimized to navigate the uncertainty typically encountered in the environment at the time of an individual's transition to independence (Spear, 2000; Crone and Dahl, 2012) . Associations with response variability were found for FA and not MD. FA is hypothesized to reflect microstructural properties of white matter (e.g. increased tract organization, greater myelination, or denser axon packing) though is not sensitive enough to characterize specific tissue changes (Alexander et al., 2011) . MD may be a more robust measurement of white matter maturation, but only in fiber tracts without a high degree of organization (Schmithorst et al., 2002) . Perhaps response variability in adolescents is related to fine-scale organization rather than large-scale changes in myelination. This speculation is consonant with the ongoing development of white matter that continues through the midadolescent years and into the mid-20s (Ladouceur et al., 2012) .
In this study, participant self-report provided information on the real-world domains potentially most important for adolescent behavior. Individuals who evaluated risky behaviors as less risky (i.e. perceived risk attitudes) demonstrated greater FA and lower MD, specifically for behaviors within the social domain. Socially risky behaviors may provide adolescents with the experiences most relevant to fostering adult independence and peer connection (e.g. 'disagreeing with an authority figure on a major issue'). Tracts of significance included frontolimbic connections such as the anterior thalamic radiation, which connects nerve fibers between the thalamus and the prefrontal cortex (Wakana et al., 2004) . The prefrontal cortex is critical for higher-level cognition (Miller and Cohen, 2001 ) and undergoes protracted development well into adolescence (Giedd et al., 1999; Sowell et al., 2003) . The thalamus has a central position within the basal ganglia loops and drives attentional and behavioral shifts to changing external cues (Smith et al., 2011) . As such, it is an important structure in the reward neurocircuitry that links motivation with complex behavioral response (Cho et al., 2013) . Self-report complemented task performance findings, such that adolescents with greater response variability on the risk taking task were more likely to evaluate real-world behaviors as less risky. This suggests that lower salience of the potential negative consequences of risk is related to a greater willingness to engage with uncertainty through more response variability. No associations were observed for FA or MD and likelihood to engage in risky behaviors in the current study. While these adolescents may perceive risk taking as less risky, they are not necessarily engaging in these behaviors in the realworld.
The goal of this study was to examine the association between white matter microstructure and risk taking on the BART. Exploratory analyses revealed that the measure most consistently and significantly associated with FA and adolescent self-report was response variability on explosion trials. Although mean number of pumps on cash-out trials is the commonly used measure of risk taking on the BART, research in recent years has begun exploring response variability on task as a unique predictor of behavior. Reports of response variability on cash-out trials have typically observed this parameter to be associated with lower task earnings (Jentsch et al., 2010; DeMartini et al., 2014) , a finding upheld in the present study. It is hypothesized that response variability on cash-out trials reflects combinations of both higher than optimal and lower than optimal trials completions (Jentsch et al., 2010) . Alternatively, explosion trials may reflect adaptive sensation seeking or exploratory behavior on the task, as suggested by prior studies. For example, one study operationalized number of explosions as a measure of untempered risk-taking, given that participants with higher levels of sensation seeking made more explosions (Humphreys et al., 2013) . Another study found an association between a greater number of explosion trials and higher levels of neurobiological indicators of maturity in boys (Peper et al., 2013) . The authors hypothesize that more advanced pubertal development (greater endogenous testosterone) may lead to more sensation seeking (the thrill of pumping the balloon further) in the service of task exploration. Highlighting the importance of explosion trials in exploring task environment, another study found increased activation in regions of the brain implicated in feedback processing (e.g. insula, ACC, lateral PFC) during explosions compared with cash-outs (Claus and Hutchison, 2012) .
We hypothesize that response variability during explosion trials demonstrated significant associations with FA because explosion trials provide feedback on the outcome likelihood of a negative consequence of a risky choice, while cash-out trials do not. Prior work has demonstrated that the adolescent brain is uniquely sensitive to unexpected outcome feedback, over and above reward valuation (Cohen et al., 2010) . There is an implicit assumption that trials ending in explosions do so independently of respondents' behavior. This assumption is incorrect, given that the more times respondents choose the risky option within a trial, the more likely the trial will terminate with an explosion (Pleskac et al., 2008) . We posit that response variability on explosion trials represents a response pattern that facilitates a wider range of experience with the unknown probability distribution of negative consequences of the task. This interpretation is supported by the finding that adolescents who rated real-world examples of risk taking behaviors as less risky also exhibited greater response variability on explosion trials. In other words, greater response variability on explosion trials was likely related to a decreased salience of potential negative outcomes (explosions) when evaluating risky choice (deciding to continue pumping on a trial).
It is important to note the limitations of the present findings. First, there were no child or adult comparison groups, which would have allowed for an examination of whether response variability during risky choice develops linearly over time or is uniquely manifested during adolescence. However, adolescents have a high degree of individual differences with respect to risky choice (van Duijvenvoorde et al., 2015) and this behavior may be most developmentally appropriate during this period. By implementing a narrow age range, the potential effects of age-related differences in neuronal maturation were minimized. Second, pubertal status was not assessed. Males demonstrated significantly higher FA (but not MD) compared with females of the same age. This finding is consistent with prior literature showing that boys demonstrate greater absolute and relative white matter volumes compared with girls and considerably steeper white matter increases during adolescence (Giedd et al., 1999; De Bellis et al., 2001; Lenroot et al., 2007; Perrin et al., 2009) , perhaps due to the presence of testosterone (Herting et al., 2012 , but see Peper et al., 2015 . The collection of pubertal hormone measures will be crucial to understand how sex hormones shape the developing brain. Finally, this study was not longitudinal, which precludes inferences of directionality.
Despite limitations, the present study contributes to our growing understanding of the dynamic nature of adolescent behavior and its neural underpinnings. Dominant views of adolescent risk taking have previously emphasized its maladaptive nature (e.g. Lavery et al., 1993) ; however, risk taking can result in optimized outcome and adaptive learning (Humphreys et al., 2013; Peper et al., 2013; Reyna et al., 2011) . The present study provides novel evidence that response variability during a dynamic risk taking task is supported by lower perceived risk attitudes and increased FA. Much like an infant gaining the mobility to walk, behavioral variability in adolescents under conditions of risk or uncertainty may facilitate developmentally-appropriate behavior in the service of exploring relevant environments. The peaks and valleys of variability during adolescence may, depending on the vantage point, reflect points of susceptibility or windows of opportunity and growth.
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